3A. S. Jordan.]. Appl. Phys. 51. 2218 Phys. 51. (1980 Mag. 29. 309 (1974) . 21S. S. Brenner. J. Appl. Phys. 28.1023 Phys. 28. (1957 . Previously unreported intensity enhancement of x rays obtained by two-mode excitation is observed on the direct incident beam of synchrotron radiation. The excitation utilizes the coherent interaction of a six-beam Borrmann diffraction in a perfect silicon single crystal. The experiment provides a means of obtaining nearly divergenceless, monochromatic, spatially coherent, and intense x-ray sources for x-ray diffraction and imaging studies. Single-mode excitation can be achieved by using a thick crystal. l -6 In a common n-beam (n > 2) diffraction experiment, the dynamical interaction among the n diffracted beams generates wavefields propagating in 2n different ways inside the crystal, the so-called modes of wave propagation. 7 The factor of 2 is due to the two polarizations: u polarization is perpendicular and 1T polarization is parallel to the plane of incidence. The fraction of the incident energy associated with a given mode is defined as the excitation of mode. Those modes with wavefield node coincident with the atom sites have extremely low absorption. Those modes are responsible for the anomalous transmission of x rays through the crystal.
Mode selection and intensity enhancement of x rays in crystals
There is a special six-beam case, (000) (044) (220) (202) (242) (224), in which six reciprocal lattice points form a regular hexagon, shown in Fig The distortion of the diffraction image is due to the fact that the camera was not set exactly parallel to the crystal surface, i.e., (111) planes. The six diffracted spots form a regular hexagon.
imaginary part of the electric susceptibility of the reflection involved. K is a proportionality constant. By using a rather thick perfect crystal, only the two modes can be effectively excited and the rest of the modes are suppressed by the crystal absorption. These two residual modes should, in principle, provide an intense, monochromatic, and extremely parallel transmitted beam. The search for observing this effect has long been carried out.
2 ,8-1O However, no success in experiments has been reported so far.
In this letter I report, for the first time, the observation of this unusual anomalous transmission of x rays through a perfect silicon single crystal on the direct incident beam of synchrotron radiation. The DORIS storage ring ofDESY in Hamburg, Germany, is used.
The experiment is performed by aligning a [111) cut platelike perfect silicon crystal for (044) reflection at the wavelength A = 1.0 A. The crystal thickness is 3 mm. The angular divergence of the incident beam is about 20" . The Laue transmission photograph, Fig. 2 , shows this six-beam diffraction for A = 1.0 A. The direct incident beam is attenuated by a beamstop, which consists of a 1-mm-thick lead and a 3-mm-thick aluminium plate. The camera is also shielded by aluminium and lead foils to suppress the high background from the white radiation. The enhanced transmitted intensity on the direct beam, (000) (inside the shadow of the beamstop on the right side of Fig. 2) , is readily observable. When the crystal is set at the Bragg angle of (044) reflection for A = 1.54 A, the intensity enhancement of the direct transmitted beam at the six-beam point is reinforced. This is shown in Fig. 3 . The enhanced spot has an angular divergence of about 2". The shape of the direct beam is due to the geometry of a collimator at the exit of the synchrotron beam line.
A computer program, based on Ref. 6, for n-beam dynamical calculation is employed to account for the experimental results. The calculated transmitted intensity of the (000) reflection is shown in Fig. 4 . Diffracted intensities less than 10-2 are too weak to be observed in Fig. 3 . The agreement between the experiment and the calculation is seen. Since the synchrotron radiation is linearly polarized in the 1T direction, there are three modes which are not excited due to this polarization effect. The two most strongly excited and lowly absorbed modes, denoted as modes 1 and 2, have the absorption coefficients equal to 0.19 and 0.87 cm -1, respectively. The corresponding excitations of the modes are 10.1 and 16.7%. The rest ofthe modes having absorptions ranging from 13.17 to 543.48 cm -1 are suppressed by the crystal. Only modes 1 and 2 thus contribute to the diffracted intensity. Mode 1 has minimum intensities at the atom sites, while mode 2 has maximum intensities near (but not at) the atom sites. 10 The difference in wave vector between the two modes is only 24.55 cm -1 in the [111) direction. The intensity distribution for these two modes projected on the (111) plane at the exact six-beam point is similar to Figs. 4(c) and 4(d) of Ref. 9:, except that the intensity maxima are squeezed along the [011) direction. For the crystal settings slightly off, for example by 1", the six-beam position, the absorption of these two modes increases by a factor of30. Thus, a sharp intensity enhancement within a 2" angular range is expected and observed experimentally (Fig. 3) . This intense beam is nearly nondivergent, monochromatic, and spatially coherent. 9, 10 If a 5-cm-thick perfect silicon crystal is used, mode 2 can be almost completely suppressed by the crystal absorption. The intensity ratio between modes 2 and 1 is estimated about less than 5%. Single-mode excitation can therefore be achieved.
In conlcusion, the use of this six-beam diffraction and a linearly polarized source, like synchrotron radiation, permits the selection, for example, of reduction of excited modes of x rays in crystals. The anomalously transmitted intensity at the exact six-beam diffraction point provides a new source, with monochromaticity, exceedingly low divergence, and single-mode excitation, for x-ray diffraction and imaging studies. In addition, for the efforts towards realizing gammaray lasers, II this low photoelectric absorption in the sixbeam Borrmann effect and the reduced number of modes excitation give a possible condition to lower the critical inversion density needed for net gain by stimulated emission. 12 The author is indebted to Professor C. Kunz and Dr. E. Koch and Dr. W. Graeff for arranging the beam time at the HASYLAB ofDESY. The help of providing instruments and technical assistances from Professor G. Hildebrandt, Dr. J. D. Stephenson, Dr. M. Vmeno, and Dr. W. Graeff, and the critical reading and helpful discussion from Professor H. -J. Queisser are also gratefully acknowledged. 'G. Borrmann and W. Hartwig, Z. Kristallogr. 121,401 (1965) .
